An overview is given of the integration of 1 , 2 and 3 dimensional photonic lattice structures with surface MEMS (MicroElectroMechanical Systems). The properties of the photonic lattice arise as a result of a high index contrast between two or more media arranged in an appropriate fashion. Increased photonic lattice functionality is obtained as the arrangement of high and low index materials is extended into other dimensions. Potential photonic lattice functions which can be integrated with surface MEMS include mirrors, cavities and wavelength dependent switches in 1-D, waveguides and prisms in 2-D and 3-D waveguides, prisms, polarization, dispersion, thermal and spontaneous emission control in 3-D.
INTRODUCTION
Optical MEMS is emerging as a key element of MEMS technology. However, despite the great interest in this area the actual optical components employed are often relatively primitive: minors, simple lenses and index contrast waveguides. We believe that there is potentially great value with the integration of MEMS with more complex and functional Photonic Lattice structures. Photonic lattices, also know as Photonic Crystals and Photonic Bandgap Materials, are the photonic analogues of semiconductors, in which the photonic bandgap arises as the result of a periodic array of regions of high and low refractive index. The properties of these structures rely only upon the index of refraction of the materials and their arrangement. These engineered materials have a number of novel properties, they can act as extremely efficient mirrors, they can be "doped" to form very high Q optical cavities and highly efficient 90 degree bend waveguides. In many ways, it is natural to try to combine surface MEMS with photonic lattices. Silicon, the basic structural material of MEMS has a relatively high refractive index and low adsorption at the wavelengths of interest, and can also be used to form the lattice.
1-D PHOTONIC LATTICE STRUCTURES
1-dimensional structures are the simplest of all Photonic Lattices [1] . While the theory of operation is different, 1-D lattices are essentially the same as the well-established 1/4 wave minor stacks with a large index contrast between the layers. These structures are the easiest to fabricate and integrate with MEMS. Such structures have already been fabricated in the 111-V systems [2J, which offer the potential advantage of integration with emissive components. The advantage offered by Si processing is a relatively more mature processing capability that can be applied to the fabrication of non-emissive components. One of the major applications of interest involves the use of these structures as mirrors. Mirrors with greater than 99% reflectivity are theoretically possible over a range of frequencies and angles that are sufficient for many optical applications [3] . Physically, these structures consist of thin layers of high and low index contrast materials. We have fabricated static stacks of materials up to 10 pairs of Si/SiO2 thick, and have verified experimentally, that these mirror structures are highly reflective over a large range of wavelengths and angles of incidence. What is more, these structures are entirely compatible with MEMS processing. By employing structures consisting of silicon and low stress silicon nitride, it is also possible to manage the stress problem. Such dielectric mirror stacks may be more compatible with surface micromachining than the traditional metallic mirrors. Based on these encouraging results we have investigated the integration of this 1 -D photonic lattice mirror with large tilting mirror systems fabricated using Sandia National Laboratories SUMMIT process, as well as with simpler structures which are designed to create a wavelength selective cavity switch. This type of stack can be integrated into a moving top mirror structure such as the one schematically shown below in Fig. 2 to create a tunable filter or switch. 
2-D PHOTONIC LATTICE STRUCTURES
The next level of complexity of Photonic Lattice structure, is two-dimensional [4] [5] [6] . These structures consist of either arrays of pillars or holes in a two-dimensional array, Fig. 3 . This generates a well-defined array of differing refractive indexes in two dimensions and allows light propagating in the plane to be manipulated. Typically these structures have been fabricated in the 111-V's [5-6], however there has also been work using Silicon on Insulator (501) material [1, 4] . Again, silicon's relatively high refractive index and advanced fabrication infrastructure make it attractive for non-emissive applications. Recently, sharp waveguide bends have been demonstrated in these 2-D structures. Again these structures can be fabricated in silicon and are completely compatible with surface micromachining materials and techniques. 
3-D PHOTONIC LATTICE STRUCTURES
The most functional photonic lattice structure is the three-dimensional. When correctly designed and fabricated, such structures exhibit full band gaps [7] [8] [9] [10] . The implication of this is that light can now be confined and manipulated in all 3 dimensions. Structures with full gaps have now been proposed and demonstrated to display full gaps. One of the most straight forward to fabricate contains elements of the diamond symmetry in which rods of dielectric material represent chains of atoms along the <1 10> direction [7] . Fig. 4 shows the band structure predicted for such a structure, a gap is clearly present [10] . 
F
Due to its relatively large refractive index, silicon is well suited to this application and polysilicon/ oxide or air structures are completely compatible with silicon MEMS processing. Fig. 5 shows a polysilicon/air photonic bandgap structure with elements of the diamond symmetry. The fabrication of these structures is outlined elsewhere [9, 10] . Just as in the fabrication of complex surface MEM devices, chemical mechanical polishing (CMP) is critical to the fabrication of these geometrically complex multilevel silicon structures. These structures can be very high efficiency, broadband, omnidirectional minors which do not suffer from the problems associated with to integration of other material such as low stress silicon nitride.
# # . . . By introducing defects into such structures it is possible to fabricate cavities and waveguides. In waveguide structures light can be guided with high efficiency in all three dimensions, something that is not readily possible in planar index contrast waveguides. Fig. 6 shows an example of a waveguide introduced into 3-D photonic lattice structure. The bending of longer wavelength light by these structures has been demonstrated, Fig. 7 .
OTHER PHOTONIC LATTICE PROPERTIES AND PERSPECTIVES
These are the simplest components, which can be fabricated using photonic lattices and in many cases the similar results can be achieved with other simpler techniques. However, photonic lattices offer a whole range of other properties, which are truly unique such as the modification of thermal emission [1 1], the modification of spontaneous emission [12, 13] , highly efficient dispersion compensation and polarization control. It is extremely difficult to achieve any of these properties individually; photonic lattice structures have the potential to achieve all these effects on a single miniaturized platform, using Si and MEMS compatible processes and materials. Fig. 6 . In this case there are two 90 degree bends separated one from the other by 400 microns. Testing of the structure is difficult due to the relatively long wavelength of the midgap, which necessitated a indirect measurement. In the spectra labeled bulk, is shown the reflectance of an end of the bulk of the sample.
Since light of the bandgap wavelengths is forbidden to propagate into the structure it is reflected. When the same measurement is taken in the neighborhood of the waveguide (bend) there is a drop in reflectance, indicating that there is broadband propagation oflight into the waveguide. 
